
RESEARCH MEMORANDUM 



z 
. 



a, 

c, 

D 

IT 
K 

M 

R 

8 

T 

. .  

.. 



E 

6 

h 

m . 
n, 

I 

Q 

t 

Y 

a 

Y 

8ce 

5 
e 

P 

QI 

. 
1 8 

8 

3 



4 

.. 
0 

B 

8 



The pi lot  *s control stick.- The pilot's  control stick was a Sperry 
Flight Controller, Type No. B-4, commoply kaaun a6 a foznmtian etick. 
Its characteristic8 were: 

(a) Maxtmum deflection: 2 5 O  rearuard, ~ p p r ~ ~ i ~ ~ ~ t e l y  16O forward 

(b) Restoring manent: l.2-inch Ouacee per degree 

(c) The t o  return frm 25O: 0.5 secands to 12-1/2O, 4.0 eeconds 
t o  neutral 

The ratio between the stabilizer incidence and the pllotte  control stick 
deflection was -1.6 u n l e ~ ~  otherwise noted. 

W'analag c".- The dog ccmguter was of a stendard type , 

enq?loytng d-c operatianal "fiers, servo-driven multipliers, and Reeves 
rotatlng drums mod5fied fo r  use &B one-varitsble-Fnput-Ation generators. 
Theee generators had an accuracy of about 1/10 af 1 percent f u l l  scale end 
two were used t o  cwer the density range from an altitude of 3O,OOO 

be zero). 
c t o  200,000 feet (the demit$ of afr above 200,000 fee t  uia asewned to 

. 
The Equations of Motion 

The three-degree-&-freedom longitudinal equations af motion &out 
the STind axis used are 

. 
ulth the density be- obtained f ropll a density-altitude relatiosship, 
initial conditione, and the solut im af the equatian - 

G = V s i n y  (4) 



The eimulteneoua solution of .Wee  equation8 glvee th~= time history of 
the altitide, flight path, and pitchlng motion of the afrcraft. 

c 

Several of the terms i n  equatipna (2) and (3) me not included 
nonaally but were retained herein because of the high performance of the 
assumed aircraft. lhese are: 

. -  

of the wind axie with respect t o  a fixed earth axis system. For the 
maximum velocities 8nd altitudes subsequently reached in t h i e  study 
t h  mgnltude of this term waa emall, being abaut twice that of the . 
omitted change in the gravitational effect with altltude. 
(b) The daqping term, - in equation (3) which arises froan 

expending f’uel (see ref. I) . The value of the constant ueed is  based 
on certain gearmetric and propulsion propertie8 of t k  aesumed aircrest. 
(c) a he mament proportid to m t ,  - 2 in equa t i a  (3) t o  s w -  

late a possible I-inch thrust mlsalinement with the c&er aP gravity. 

(a) A conetant  multiple of the combo1 e t i ck  dreflection, &OOt#~8, 
i n  equation (3) to  simulate the operation of a jet-reaction  cmtrol 
(space control) for me at extreme altitudes.  he -tude of the 
constant was seletcted so that f u l l  rearward deflection of the pi lot  rs 
control  etick gave 2* per second squared cmgular acceleration of the 
aircref t  after a l l  fuel wae expended. 

63 -8’ 
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Variables affecting pilot opinion.; In general, the variables affect- 
ing pilot  opinion are the control-fme characteristics, p i l o t  motion 
stimuli, and the dyaamics of the aircr&t. Because of the large ma@.tudes 
of longituillnal acceleraticm  poseible,lt waa surmized that a formEttion 
e t i ck  or sfmilar control would be muved by wrist action from a reetraFned 

be of secondary -ce, and therefme are with respect to 
the deflection of the stick ihmugbut this iwestigation. Since t h i s  
study was exploratory in  nature and s w l i c i t y  was -t, physical 
motion of the p u t  in pitch was not added t o  the eimulation. a rela- 
tive lqportance viewpoint this amiselon ae well as the imrarhnce of the 
force characteristics  are JustiFled by the results of reference 7. 

arm. mUs, it vas anticip&ted that the stick-force chafacteristice voulll 



*ere the anglee .are now perturbation8 about the steady sta te .  The necee- 
s a r y  aerodynamic tranefer Punctiona were found eaaily frm the above 
equations t o  be 

1: 
it 

L J 

The well-lmown techniques of aeryawchanigm theory were then applied to 
obtain the characteristics of the airplane-autopilot conibination. An 
illuetrative block diagram of the simplified augmented control syetem 
assumed herein and the reeulting  aynamic  chEaracteristic formulm follow: 

. 

. 

. . . .. . .. 
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damping ratio,  

'ior to the pilote'flying the simulator, a number of pro- 
exploratory flights were made for  the purpose af selecting sane f e w  as 
etmdards for pilot-opinion  evdwtlon. An exemple of such a flight I s  
Illustrated i n  figure 5 Tor w h i c h  it was msumed that the ELircraf't was 
i n i t i a l ly  released fmrm a "mother" airplane at M = 0.6 . a n d  an altitude 
of 35,000 feet, with angle of attack being  programed i n  the maMer ahown. 
In figure 5(b) are plotted the three permeters W C B  are assumed to  char- 
acterize the aynamics of the aircraft and t o  influence pilot opinion. 

From a. -control  aspect such a flight may be divided roughly into 
ascent t o  die upper  atmoephere (defined  herein 88 200,000 fee t  and above), 
the bal l i s t ic  trs3ecto1-y i n  the zzpper atmosphere, and the entry into the 
denser lower atmosphere and establiebanent of level fli&ht. Since the 
problem associated with each of these divisions were not of the same 
magnitude and the simulator had to be run at true time, it was  -dient 
to  investigate them separately. These preliminwy run8 also indicated 
that entry was the most diff icul t  to control, probably due to the more 
rapid change in the dynamic characteristice; therefore t h i s  phase of the 
f-t waa examined i n  considerably more detail than the others. 

Certain results of the survey of programed entry flights are 8m- 
m i z e d  in table I. These results were obtained by beaming the entry 
at an altitude of' 200,000 feet with appropriate inftial. conditions from 
zenith. shovn i n  f a s  6, 7, and 8 are representative time histories 
of the three types of programmed flights mted i n  the table. O f  particu- 
lar interest l a  that the constant attitude entry, w h i c h  has autmatic 
control advantages, inherently program the angle of attack In euch a 
manner as t o  result i n  relatively low accelemtione. 

The programed entry of figure 6 waa selected aa an initlrtl reasaneble 
et&ndaxd f o r  the pl lo t   to  match. The 8peed-brakes-off condition was chosen, 
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since,  beside6 eimuhting the poesible failure of the brakes,  it id80 
apprcnrimstely repreeents  conditions wherein a &scent is made from a con- - siderably  =&her  altitude  at  higher  acceleratione with speed brakes OP. 

Eff'ect  of increased damping.- A representative Rpilotedw standard 
entry flight  without  artificial damp- is 6 h a m  in fieFure g(a). For this ' 
asd ell other fligats the pilot U&B requires to correct an initial error. 
In general, a l l  three pilots develoged 4ufflcient  proficiency by practice 
fa effect an entry cormparable to that sham in the figure if, as 8hmn by 
the it  record, no e f f o r t  were made to A;Rma aut any oscillations. How- 
ever, aa illustrated in figure 9(b), any 8t-t to reduce the magnitude 
of the motions of the aircraft by corrective m e m n t s  of the stabilizer 
by the  pilot frequently Led to intensifying the oscillations to destructive 
magnitudee. For t h i s  reesop the pilot8 were unanimm in their opinion 
thEbt W t i O I l d  h p a  by &ifiC$d m&pB W86 I E ! ~ S S ~ .  

Plotted in figure 10 are the dynamic  cheracteristlca of t k e  &cr& 
for the 8- entry f-t with and ldthout  artificial Anmping, Fig- 

flights for  each of the feedback  gearings noted in figure 10. Theee 
results show progressively less difficulty i n  controlling the angLe of 
attack azld n d  acceleration as the damp- is increaeed. T b s  pilots 
rated the la~eet geezing  acceptable  but  considered 863 desirable the daq- 

m e r e n c e  was shown for the 0.6 *ue. 

- .  ures ll(a),  (b) , and (c) m e  time  histories of representative piloted 

ing provided  by  either of the two -St feedbadk gearing6 and a 6-t 

It should be noted that the increased damping was obtained  without 
the use of a gain -er and that the control motions necessezy to provide 
the wing (Kggse) were only a mm~m of 3.50. 

Effect of period and control eens1tivlty.- Since the previous  result8 
Tndicated  that  additional ming wae necessq, the effect of mod and 
control  sensittvity was determined by using the entry fl-t with EL feed- 
back gearing of -0.6 88 e revised s- for cwqsrison. Figure 12 shows 
the camputed  aynamic entry characteristics  for the tu0 extremea i n  period. 
investigated ea canpared with the r e v i s e &  standard. The changes in the 

tion in mod a n l ~  a 00 noted in w figure. Wresentative time 
histories of piloted f-ts for the two change8 in period ere not given 

values of k, Cmit, and feedback gearing necessary to achieve the vexla- 

c e w e  they differ little in appeaknce froan figure ll(b). 

The pilots '  conclusions an the effect of the change in period were - not entirely in agreement. Qne expressed a mild preference for the longer 
period. Another considered the langer per iod as being too long and would 
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have  chosen  the  shorter  period tf' it had samewhat greater &ping. In 
general, the pilots  favored  the  combination of dynamic  characteristics 
given In figure ll(b) and  used  here as the  revised  standard. 

This  revised standard entry  flight a l s o  was made  with a decreaee in 
the sensitivity of the  control fram a it/&, of -1.6 to -1.0. However, 
no marked  preference w a s  given by the pilots for the  less  sensitive 
control. 

Pilot  opinion  correlation.- In figure 13 are shown partial results 
of a Cornell  Aeronautical  Laboratory  pilot opinion flight  evaluation of 
variation6  in  the  longitudinal  short  period  dynamic  characteristics us- 
a variable-stability F-94 airplane (ref. 8). The  dashed  boundary Unes, 
ratings,  and  pertinent  pilots'  objections  were  taken  from  the  referenced 
report and are specified  for a fighter-type  aircraft.  The  rating of 
n 

as a fighter and not  necessarily  that  it  is  unsaf'e  to fly. 
unacceptable"  refers  to the aircrdtls  inability to accomplish  its miseion 

Plotted as overlayed solid lines in figure 13 a d  identffied  by num- 
ber or letter  are  the cmputed dyrtamic characteristics  fram  figures 10 
and 12 for the  constant nz portion of the entry.  The  associated  pilots' 
opinions have been  given  previous paragraphs an6 .briefly  are that the 
lowest  damping ratio was clearly unsatisfactory and that ea average damp- . - 
ing r a t i o  of 0.6 and e frequency of 0.3 cycles per second waa preferred 
over  the  other  acceptable  combinations  tested.  It  is  apparent  that  the 
Ames pilots' oDinions w o u l d  match those of r$eregce 8 more  closely  but  for 
the  tendency  of  the Ames pilots  to  upgrade  the  lower  frequencies.  However, 
although a lower  frequency-may  be  unsatisfactory for a righter  aircraft, 
it 'may be  satisfactory for the  instrument flying required f o r  %e type 
of  flights  considered herein. 

Comments on entry  technique.-  During  the course of t h i s  investigation 
some  flights  were  made  monitor-  different  quantities  during  the  entry 
for a feedback  gearing of -0.6 asd the normal pitching-mment  aerodynamics . 
These  add2tional  quantities were  maintaining constant  attitude to a speci- 
fied normal acceleration  and  matntaining constant attitude all the ww, 
the attitude  being  indicated by the moving line on the  scope (gyro hori- 
zon) representing  the  horizon. 3 3  general,  reference to attitude  rather 
than  angle of attack w a s  preferred,  although  pot  strongly, with conetmt 

choices  were  that  attitude  gave a quicker  indication of the  airplaners 
dynamic  motion khan angle  of  attack; and that with attitude d o n e  they 
were  relieved of making at the proper  time  the  transition from monitoring 
the gyro horizon  or  the  angle-of-attack  indicator to monitoring the 
normal accelerazneter. - 

. attitude all the way selected as best.  The  pilots' reasons for  these 

. " 
" - - 

Additional  flights also were  made  to  assess  the  use of a gyro horizon 
wherein  the  line  generated  by  the beam on the  scope  represents  the  air- 
plane  rather than the horizon. This ty-pe of presentation was favored by 



a majority of the  pilote,  since  the ~ense of movement  of  the  line now 
corresponded  to that of the angle-of-attack  indicator and the normal. - accelerometer. 

Control in Ascent and the Ballistics  Trajectory 

Thrust  misalinement.-  Although  the  correction  of entry control dif- 
ficulties  by means of increased  damping  would  appear  to  eliminate  dynamic 
problems  during  ascent, a few  flights,  nevertheless,  were made to  observe 
the  effect of a 1-inch thrust  misalinement.  For  this  purpose an ascent 
programmed similar to that  shown in figure 5 was used  as a standard  for 
the  pilot to match. However, as noted  previously,  it waa not  possible  to 
program  on  the cmputer-the pitching-moment  characteristics below a Mach 
number of 2. Thus, of necessity,  the  ascent  waa  begun by the pilot  at 
M = 2 and an altitude of 53,000 feet w i t h  the task of holding zero  angle 
of attack. 

- In figure 14 are  shown  the  results  of such a piloted  flight. From 

. period and low  control  effectiveness.  However,  the low dynamic  pressure 

these  data  it 1s seen  that  the  pilot  could  not  prevent an appreciable 
pitch-up  in angle of attack fran occurring  after  burnout due to  the long 

at  the  altitude  of  burnout,  which  is  the  primary  cause  of  the  poor  control- 
lability,  offsets  the  large  chaage in angle  of  attack so that the  effect 
on the  acceleration  is  negligible.  It is surmized  that if burnout  had 
occurred  at  much  lower  altitude, a similar end  result on acceleration 
would be  obtained  for the pilot  would now have  sufficient control to  pre- 
vent a large  change in angle of attack. 

Peak  altitude  control.-  During  the  piloted  flights of ascent a sig- 
nificant  variation i n  the peak altitude  reached was  observed for repeated 
flights.  These  differences were traceable  primarily  to the inability of 
the  pilot to maintain  precisely  zero angle of attack  fAroughout the ascent. 
Since a higher  peak  altitude  accentuates  entry  problems, it was of inter- 
est to determine the sensitivity  of  the maximum altitude to errors in the 
angle of attack  or  other  monitored  quantities.  Plotted in figure 15 are 
some results.obtained along t h i s  line for  ascents similaz to  that sham 
in figure 5 wherein the d a t a  f o r  attitude control were  obtained  by  using 
the  same  initial  conditions (M = 2, h = 53,000 ft) as for  angle-of-attack 
control. It  is  seen  from  the figure that the peak altitude is about four 
thes as  sensitive to constant  errors Fn the programmed angle of attack 
as  to  constant  errors in attitude. This is of some importance in instru- 
mentation  and flight programming. - 

Control during ballistic  trajectory.- As noted  previously, control 
during this  portfon of the  flight  (space control) is  assumed to be by 
means  of a gmall Jet on a lever am to pravide a mament.  The  magnitude of 
the  moment  used herein was  such as to resuBt in 0.08O per second squared 
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angular acceleration  for  each degree of  stfck  deflection  or 2O per  second 
squared  maximum.  Since  there are neither  damping  nor  restoring aments, 
some difficulty  in  control was anticipated  but  did  not  materialize.  For 
example,  figure 16 shows a representative  flight  in  this region wherein 
the  pilots'  assignment  was  to  maintain  zero angle of  attack  to  peak  alti- 
tude  and  then  change to 20° and hold for entry. As is  evident frm the 
flight  simulator  record,no  difficulty w ~ b s  encountered in accomplishing 
this  task for a single  degree of freedam. 

CONCLIISIONS 

A brief  investigation of sane problems associated w i t h  the  longitu- 
dinal  control  of an assumed  high-speed  aircraft  in  flights to altitudes 
essentially  out of the  atmosphere ha6 been made by meam of pilots  "flying" 
a simulator. From the  results of this  study  the following conclusions  are 
drawn: 

1. Additional  damping  of  the  aircra9t by artificial  means m u s t  be 
provided to effect a safe  flight,  particularly during entry  into  the 
atmosphere. A favored  amaunt of additional  damping is that  which will 
give  about 0.6 critical  damping  near  the  entry  pull-out  altitude of 
83,000 feet. 

2. With a favored  amount of additional  damping,  the  pilots  report 
large  changes  in  period-and  control  sensitivity are acceptable. 

3. With  additional  damping  provided,  the  pilots mildly favor mod- 
toring  constant  attitude  all  the way during  entry rather than maintaining 
constant  attitude to a specified normal acceleration  or  maintaining 
constant  angle  of  attack  to a specified normal acceleration. 

4. The  constant  attitude  entry has advantages  besides  ease  of  auto- 
matic  programming in that  it  Inherently programs the angle of  attack  in 
such a manner as to  result  in  relatively low longitudinal and noimal 
accelerations. 

5. The  peak  altitude  reached  is  considerably  more  affected  by  con- 
stant  errors  in  -le of attack  than  in  attitude during ascent. This fact 
is  of  some  imprtance  in  flight  programming  and  instrumentation. 

6 .  No difficulty  is  encountered in single-degree-of-freedam  control 
during  the  ballistic  portion of the  traJectory. 

Ames  Aeronautical  Laboratory 
National  Advisory  Committee for Aeronautics 

Mof fett  Field, Calif. , June 7 ,  19% 
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Figure 1.- Pi lo t  control stick and instrument panel. 

. .  . .  .. 
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Dimensional : 
s = 200 I t 2  

i5 = 10.9 ft 
= - 400, + 250 

'trnar 

Mass : 
W = 30,000 Ib  gross, 12,000 burnout 
Iv= 75,000 slug-feett gross, 50,000 burnout 

Propulsion : 
T= 60,000 Ib ; Specific impulse = 260 sec; Propulsion time = 78 sec 

Figure 2.- The assumed aircraft and c e m n  pertinent characteristics. 

. . .  . . . . .  .. - . .  . . .   . .  ' . .  
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Figure.3.- Assumed lift and drag characteristics. 
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(b) Control effectiveness. 
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(a) Steady-state conditions. 

Figure 5.- Flight to an altitude of 260,000 feet and return; programed 
angle of attack. - 
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(b) Computed dynamic characteristics. 

Figure 5.- Concluded. 
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ft X  IO-^ 
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Figure 6. -  htry fram 260,000-foot peak altitude; sgeed brakes off, 
programmed a = 200 to nZ = 3.5g. 
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40 
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Figure 7.- Entry  from 260,000-foot peak altitude; speed brakes off, 
programmed a = 20°. 
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Figure 8.- Entry from 260,000-foot peak. altitude; speed brakes off, 
programmed e = 5O. 
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40 .. 8 
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(a) No attempt by pilot to damp oscillations. 

Figure 9. - Standard piloted entry flight;  no  artificial damping. 
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(b) Damping  of oscfllations attempted by pilot. 
. -  

Figure 9.- Concluded. 
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Figure 10.- Standard programmed entry flight;  camputed aynamic character- 
istics f o r  four values of gearing of ar~ificial-damping feedback. - 
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(b) Artificial-damping feedback gea;rin@;, K@& = -0.6. 

Figure 11.- Continued. 
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(c) Artificial-damping feedback g e e ,  %& = -1.0, 

Figure ILL.- Concluded. 
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.gure 12.- Standard  programmed en t ry  flight; c&puted dynamic character- 
istics with Cma, Git, and feedback gearings adjusted to give, pre- 

dominantly, changes in period. 
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Conditions covered by this investigation during 
constant nz portion of entry. 

reference 8.  
”-” Boundaries,  ratings,  and pilot objections from 
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Figure 14.- A portion of a piloted ascent to 260,000-foot peak altitude, 
Kg& = -0.6. 



I00,000 

0 
0 

ga 50,000 co 

P a 
P 

.- c 
0 

a 

-50,000 

35 

- 2  -I 0 I 2 3 
A angle, deg 

Figure 15.- Effect on peak altitude of a constant error in programmed 
angle during ascent. 
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Figure 16.- Use of space control during ballistic portfon of the  trajectory. 
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